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AN   INEXPENSIVE   SUPERSONIC   WIND   TUNNEL 
FOR   HEAT-TRANSFER MEASUREMENTS 

Part II - Result?, for a Laminar Boundary Layer Based on 3 Two- 
Dimensional Flow Model for the Entrance Region of a Tube. 

By 

1 2 
Joseph Kaye    and George A. Brown 

SUMMARY 

Reliable experimental data on local heat.-transfer coefficients for 
Supersonic flow of air in a round tube are reanalyzed in detail with the aid 
of an approximate two-dimensional flow model.   The results are compared 
with similar re suits based on a one-dimensional flow model and with the 
theoretical predictions for supersonic flow over a flat plate and for flow in 
the entrance region of a tube when a laminar boundary layer is present. 

The two-dimensional flow model yields a better understanding of the 
phenomena which occur for diabatic supersonic flow of air in a round tube 
than that obtained with the aid of the one-dimensional flow model.   The two- 
dimensional flow model shows that the core Mach number is nearly constant 
along the length of test section for a range of values of the inlet diameter 
Reynolds number.    For a laminar boundary layer, the values of the local 
Stanton number agree within T few per cent with the theoretical values for 
p'ate flow at the largest values of the inlet diameter Reynolds number. 

Associate Professor of Mechanical Engineering, Massachusetts Institute 
of Technology. 

^Shell Fellow in Mechanical Engineering, Massachusetts Institute of 
Technology. 



NOMENCLATURE 

a - inside radius of pipe 
A - cross-sectional area, wD-/4 
A! - heat-transfer area, TDAL 

Cp - specific heat ay, constant pressure 
c -  discharge coefficient of nozzle 
D - inside diameter of pipe 
g - acceleration given to unit mass by unit force 
G - flow per unit area, w/A 
h - coefficient of heel, transfer, 4/A' (tw-taw) 
k - ratio of specific heats 
L - distance from end of curved contour of nozzle 
Ivl - Mach number, V/vgkRT 
n - summation index, Eq. (15) 
NUL - length Nusselt number, IiL/X 
p - static pressure 
q - net rate of heat transfer 
R - perfect -gas constant 
Rej3 - diameter Reynolds number, DG//ug 
Re, - length Reynolds number, LG/ug 
St - Stanton number, h/cDG 
t - temperature, deg F 
T - temperature, cleg F abs 
V - velocity 
w - mass rate of flow 
p - density 
p. - visct,^ity 
X - thermal conductivity 
5 - thickness of boundary layer 

Superscript * refers to throat of supersonic nczzle where M = 1. 

Subscripts: 

aw - adiabatic wall conditions 
b - boundary layer 
c - isentropic core 
j - station numbers 
o - hypothetical entrance plane of the tube, where the boundary layer is 

of zero thickness 
ob - stagnation conditions- in boundary layer 
oc - stagnation conditions in core 
oi - upstream stagnation conditions 
r - atmospheric conditions 
s - isentropic conditions 
w - wa^l conditions 
00 - free stream conditions for flat-plate flow 
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INTRODUCTION 

An inexpensive steady-state supersonic wind tunnel has been designed 
for accurate measurements of local heat-transfer coefficients.    It consists of 
a convergent-divergent nozzle which delivers dry air at supersonic speeds to 
a test section, one-half inch in diameter and 30 to 50 diameters in length.   The 
various test apparatus and the measurements obtained therefrom have been 
described previously in detail (1).*   Sufficient measurements have been made 
to demonstrate their reliability when a laminar boundary layer exists in the 
test section for adiabatic and diabatic supersonic flow.    The heat-transfer data 
were first analyzed (1) with the aid of a simple one-dimensional flow model, 
abbreviated hereafter as 1 -DFM, but it was shown that this mode1, is not fully 
adequate to explain, interpret, and correlate these measurements. 

The value of these measurements of local heat-transfer coefficients would 
be considerably enhanced if they could be compared with similar measurements 
for other types of supersonic flew with a laminar boundary layer, such as plate 
flow, cone flow, etc.    One reason for subjecting the data given in (lx to further 
analysis and computation is to lay the foundation for such comparisons.   A 
second reason is that accurately measured values of local heat-transfer co- 
efficients for supersonic flow with a laminar boundary layer are practically 
nonexistent so that further analysis of tube-flow duta might produce informa- 
tion useful tc the designer oi devices moving at supersonic speeds.    A third 
reason for using a more complicated flow model to reanalyze the same data is 
to provide the exnerimenter with a better phenomenological explanation of the 
processes which occur in supersonic flow in the entrance region of a tube.    The 
two-dimensional flow model, abbreviated hereafter as 2-DFM, will be used in 
this paper to analyze and interpret some selected values of the data given in(l). 

The analysis of supersonic flow in the inlet region of a tube can be ac- 
complished, on the one hand, in an extremely simple fashion, such as with the 
aid of the 1 -DFM, and on the other hand, in an extremely difficult fashion, 
such as by investigation of the partial differential equations of energy, momen- 
tum, and continuity.   Although both of these methods ot analysis have been used 
in the present research program, an intermediate type of analysis is used here 
to obtain results close to those based on the most exact analysis.    This 2-DFM 
should be considered to represent closely the actual supersonic flow phenomena 
in the tube. 

The 2-DFM is used here only for supersonic flow in the entrance region 
of a tube with a laminar boundary layer originating at tube inlet.   Experimentally 
it has been found possible to maintain a laminar boundary layer over the entire 
length of test section by careful control of the inlet conditions.   Independent 
measurements of the velocity and temperature profiles of the tube flow for 
these inlet conditions have confirmed the existence of this laminar boundary 
boundary layer.   In the previous paper (1) certain values of the tube inlet con- 
ditions were selected to present the data for a laminar boundary layer.   In 

•Numbers in parentheses refer to the Bibliography at the end of the paper. 
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the present paper, the same values of these inlet conditions are selected to 
present the results of computation based on the 2-DFM.   Comparisons of the 
results based on the l-DF'M and on the 2-DFM, for the same original data, will 
be given here.   The results based on the 2-DFM will also be compared with 
theoretical solutions for plate flow and for tube flow. 

ASSUMPTIONS   FOR   TWO-DIMENSIONAL   FLOW   MODEL 
WITH   HEAT   TRANSFER 

1 

\ 

\ 

The 2-DFM arbitrarily di/ides the supersonic flow in the entrance region 
of a tube into two parts, a laminar boundary layer and a central core of fluid, 
as shown in Fig.  1.   The laminar boundary layer originates near the tube inlet 
and grows in thickness by transference of mass from the central core.   This 
2-DFM is consistent with Prandtl' s concept of the boundary layer since it is 
assumed that both the viscous and thermal effects are concentrated in the 
boundary layer, and that both are negligible in the core region, i.e., the fluid 
remaining in the central core undergoes an i3entropic process.    The basic 
soundness of this 2-DFM has been conclusively demonstrated by means of 
accurately measured velocity profiles at various positions along the test section 
of Fig. 1, for both adiabatie and diabatic flow (2, 3), and also by means of un- 
published recently measured temperature profiles. 

The present paper deals with a simplified version of the actual 2-DFM in 
that the actual velocity and temperature profiles are represented by simple 
approximations for both the laminar boundary layer and the core.    The boundary- 
layer thickness is assumed to be the same for both the velocity and thermal 
boundary layers.   This thickness is arbitrarily taken to correspond to that 
thickness at which the local velocity in the boundary layer equals 99 per cent 
of the mean velocity in the core.    These simplifications are shown in Fig.  1. 
They were introduced mainly to reduce the computational time since i+ was 
found, after considerable study, that the use of these simplified velocity and 
temperature profiles yielded results nearly identical to those obtained using 
a non-linear velocity profile but requiring considerably greater computational 
time. 

The following assumptions are made in the analysis of the 2-DFM: 

1. A laminar boundary layer., in which both the viscous and thermal 
effects are predominant, exists for supersonic flow in the entrance region. 

2. The air which remains in the central core undergoes an isentropic 
change of state from an upstream stagnation state to the static pressure 
measured at a given section. 

3. The properties in the central core of fluid are assumed to be uniform 
at a given section. 
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4. The static pressure is assumed to be- uniform across each section 
of the tube. 

5. Air is a perfect gas with a constant value of the ratio of specific 
heats (k = 1.40) over the range of temperature under consideration. 

6. The laminar boundary layer has a linear distribution of velocity 
which is further approximated by an average velocity in the boundary layer 
equal to one-half the core velocity, as shown in Fig.  1. 

7. The stagnation temperature of the central core is assumed to be 
constant at all sections, equal to Toc,   whereas the stagnation temperature of 
the boundary layer is assumed to be uniform at a given section but variable 
from section to section. 

8. The flow is adiabatic up to the tube inlet where the heat transfer 
originates. 

ANALYSIS   OF   SIMPLIFIED   TWO-DIMENSIONAL   FLOW   MODEL 
WITH   HEAT   TRANSFER 

The following relations hold at each section of the flow in the tube shown 
in Fig.  1. 

I 

Continuity: 

Continuity: 

Continuity: 

Geometry: 

Geometry: 

Equation of state: 

Equation of state: 

Definition: 

Assumption: 

w 

wc 

wb 

Ac 

A 

P 

P 

M2 

= wb + wc (i) 

= PcVcAc (2) 

= PbVbAb = Pbvb<A--A-c> (3) 

= *  [(D/2) - 6] 2 
(4) 

= Ab + Ac (5) 

= Pc
RTc (6) 

- pb
RTb (7) 

= V?7gkRT 
c            c 

(8) 

= Vr/2 (9) 

• • V 
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The following relations hold between the upstream stagnation state and 
a state in the core at any tube section: 

Isentropic: 

Isentropic: 

Isentropic: 

Isentropic: 

Poi-'P " <Poi''Pc> 

Toi/TcMpoi/p)^-1)''^ 

Ol oc 

c T      = c  T    + V   /2g 
p  oc       p c        c 

(10) 

(11) 

(12) 

(13) 
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Definition: cpTob ~ cpTb + vD/
2£ ^14) 

Application of the energy equation for steady flow to a control volume 
which encloses the fluid between the upstream stagnation region and any tube 
section  j  yields 

n * j - 1 
(l/2)q. +     Y~\     q    « w   . (c   T   . +V/2g) + w, . (c   T   . + V   /2g) - wc   T   ..(15) 

J        £-T"i       n        cj     p   cj c bj     p   bj b p   01 

The summation in Equation (15) starts at the first station at-which heat 
transfer data were measured. This first station for test combinations C and 
D is described in reference (i). 

The additional relations used in this analysis are as follows:   The condi- 
tion for choked flow of air through the supersonic nozzle yields 

G* 
s 

= (w/A*)s = 0.531 

Definition: c 
w - (w/A*)/(w/A*) 

Assumption: T      /T 
aw      oi 

= 0.940 

Definition: h - q/A'    (t    -t      ) 
w     aw 

Definition: NuDc - hD/X 
c 

Definition: NuLc - hL/X c 

Definition: St. c 
= h/c   p  V 

p   c   c 

Definition: Ke„ 
Dc - p   V   D   //j   g c   c   c     c 

Definition: Re7 - P  V  L/M   g 
c   c        c 

Ol 

Method of Computation 

A sample calculation is given in the Appendix. 
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(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 
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RESULTS 

General 

The original measurements of heat-transfer coefficients for supersonic 
flow obtained with test combinations   C   and   D, comprising four runs with the 
former and thirteen runs with the latter, are given in detail in (1).   These data 
have been selected for those stagnation conditions where a laminar boundary 
layer is present over most of the test seetion.   Hence, the method of computa- 
tion outlined above for the simplified 2-DFM should be applicable for these 
seventeen runs.   In view of the large amount of calculation involved, however, 
only seven runs have been studied in detail by means of the simplified 2-DP^M, 
namely six and one from test combinations   C  and  D,  respectively. 

The results for six runs made with test combination  D are given in Figs. 
2 to 7, inclusive.   Six charts were found necessary to present these results in 
sufficient detail because they are sensitive to small changes in the value of the 
inlet diameter Reynolds nu\nber.    The results for one run made with test com- 
bination  C  are given in Fir;. 8.    One run was selected here mainly to reduce 
the total computational time and to sho v the effect of a shorter test section 
on the data.    On each of the3e seven charts the calculated quantities based on 
one flow model are plotted without reference to the quantities calculated from 
the other flow model.   Thus, in the curve of Mach number versus length 
Reynolds number, the values of Mach number and Reynolds number are taken 
from either r.he 1-DFM or from the 2-DFM. 

Each of the seven charts presents the Mach number, boundary-layer 
thickness ratio, local length Nusselt number, and local Stanton number.   For 
the 2-DFM, the Mach number, Nusselt number, and Stanton number are based 
on properties of the central core of fluid.    The local Nusselt and Stanton numbers 
are, in reality, average values over the short length of flow of two or four pipe 
diameters.   In the discussion of these seven charts, the value of the inlet 
diameter Reynolds number chosen for identification corresponds to that 
computed by means of the 2-DF1V 

Each of the seven charts contains a comparison of the results based on 
the 2-DFM with the theoretical predictions of supersonic flow with a laminar 
boundary layer on a fiat plate and with the theoretical predictions for tube 
flow for constant values of the viscosi'cy and the thermal conductivity.   The 
former predictions are taken from van Driest (4) and the latter from Toong (5). 
This type of comparison of results based on the 2-DFM with predictions for 
plate flow and for tube flow should be regarded as a temporary expedient until 
exact solutions for tube flow and accurate experimental data for plate flow 
with adverse pressure gradients are available. 

Results for Test Combination D-Mach Number 

Fig. 2 presents the results based on the simplified 2-DFM for the lov/est 
value of the inlet diameter Reynolds number, namely, 33,000.   The Mach number 
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based on the 2-DFM decreased only from 2.7 to 2.1 along the length ol the test 
section whereas that for the 1-DFM decreases from 2.1 to about i.2.    This 
same type of behaviour of the Mach numbers for the two flow models is found 
also in Figs. 3, 4, 5, 6, and 7.   In Fig. 7, the: Mach number based on the 2-DFM 
decreased only from 2.65 to 2.50 over 50 diameters of length of flow.    This 
constancy of the Mach number based on the 2-DFM supports the contention 
that this type of test section is, in reality, a useful and inexpensive type of 
steady-state supersonic wind tunnel.    The 2-DFM shows that the core Mach 
number does not vary as much as that indicated by the 1-DFM and that the 
value of the core Mach number is significantly greater than Lhe corresponding 
value based on the 1-DFM.    Independent measurements of velocity and tempera- 
ture profiles at several stations near the tube exit lead to calculated values of 
the core Mach number which agree, within one per cent, with the values of the 
core Mach number based on the 2-DFM. 

Bounaary-Layer Thickness 

The boundary-layer thickness at any section in the tube is defined by 
Equation (4) for the 2-DFM.   It should be noted that this thickness is taken 
arbitrarily as zero in the 1-DFM.    For the smaller values of the inlet diameter 
Reynolds number, namely from 33,000 to 72,000 in Figs. 2, 3, and 4, this ratio 
increased from about 20 per cent at tube inlet to about 40 to 50 per cent at 
tube exit.    For the larger values of Reynolds number, namely from 38,000 to 
115,000 in Figs. 5, 6, and 7, this ratio increases from about 10 per cent at tube 
inlet to about 25 per cent at tube exit.   Such behaviour of the thickness ratio 
could be interpreted in two ways.   Either the laminar boundary layer does not 
fill the tube at exit and a fully developed flow pattern is not attained for this 
entrance type of flow, or for the flow length of 50 diameters the supersonic 
flow is, in reality, one corresponding to a fully developed flow but with a velocity 
profile which is quite different than that for fully developed incompressible flow 
in a round tube.    Additional experimental data on velocity profiles for several 
stations near the tube exit are needed before these views can be resolved 

The thickness ratio for tube flow baaed on the 2-DFM can be compared 
with a similar ratio derived for the thickness of a laminar boundary layer of 
a compressible fluid flowing on a flat plate for zero pressure gradient.   The 
theoretical results of Howarth (6) lead to the following equation for the thickness 
ratio, 

(6/a) = 10.4(L/D)(1 + 0.0795 M2)/(ReY    )*     . (25) 
c Lc 

Here the thickr    ,s corresponds to that value at which the local velocity in 
the boundary layer on the flat olate is 99 per cent of the free stream value. 
The values of the thickness ratio based on the 2-DFM arc slightly larger than , 
those based on Equation (2 5) for values of the diameter Reynolds number from 
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33,000 to 72,000, but both sets of values are in excellent agreement over the 
entire length of the test section for Reynolds numbers from. 88,000 to 115,000. 
This excellent agreement should be considered as somewhat coincidental for 
the following reasons: 

1. The zero of the length measurement for the tube flow should be the 
origin of the boundary layer where its thickness is zero, but the actual zero 
has been arbitrarily taken to be at the end of the curved contour of the nozzle. 
The effects introduced by this error should    disappear by the middle of the 
test section. 

2. The Howarth formula is restricted to zero pressure gradient where- 
as a finite adverse pressure gradient exists in the tube flow.   The smallest 
pressure gradient is found, however, at the largest value of the inlet diameter 
Reynolds number, and for this case, the agreement between thickness ratio 
based on the 2-DFM and on the Howarth formula is the best. 

3. At the lowest values of the diameter Reynolds number, namely at 
33,000 to 72,000, some evidence exiflts that separation of the laminar boundary 
layer probably occurs in the presence of the adverse pressure gradient.   Su?h 
separation would probably result in a thickening of the laminar boundary layer 
and cause its calculated thickness based on the 2-DFM to be greater than that 
indicated by iha Howarth formula.    Such a thickening calculated on the basis 
of the 2-DFM, can be seen in Figs. 2, 3, and 4. 

i 

) Stanton Number 

The local heat-transfer coefficients based on the 2-DFM are shown in 
j Figs. 2 to 7 for test combination  D in the form of the local Stanton and local 

length Nusselt numbers.   Comparison of the Stanton numbers shows that the 
' major effect of shifting from the 1-DF'M to the 2-DFM is to decrease the 
\ calculated values of the Stanton numbers and simultaneously to increase the 

,     | corresponding values of the length Reynolds number.   In Fig. 2, for a diameter 
Reynolds number of 33,000, the first six values of the Stanton number lie with- 
in an average deviation of less than 10 per cent from the theoretical solution 
for tube flow, the remaining eight values fluctuate about a mean value, and 
the fluctuations begin at a length Reynolds number based on the 2-DFM of 
600,000.   Similar fluctuations are evident in the values of the Stanton number 
based on the 1-DFM and are discussed in (1).   A similar process of levelling- 
off of the values of the Stanton number with fluctuations about a mean value  is 

j evident in Figs. 3 and 4 at larger values of the diameter Reynolds number. 

Figs. 2 to 7 indicate that as the vaiue of the diameter Reynolds number 
j increases tVom 33,000 to 115,000 the values of the Stanton number based on 

£ the 2-DFM move from below the lower line for the tube solution to almost 
perfect agreement with the theoretical plate-flow solution, shown in Fig. 7. 

] The discrepancies between the values of the Stanton number and the tube solu- 
tion should not be considered significant a?t present, since this tube solution 
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is based on the assumption of constant viscosity and thermal conductivity; work 
is in progress to obtain tube solutions for variable values of these properti.es. 
The discrepancies between the values of the Stanton number and the flat-plate 
solution, especially at the smaller values of the diameter Reynolds number 
should not be considered significant for two reasons.   First, the plate-solution 
is based on zero pressure gradient but the data were taken with an adverse 
pressure gradient in the tube; note th^t the best agreement between the tube- 
flow data  and the flat-plate solution occurs for the smallest value of the adverse 
pressure gradient in -ne tube.   Second, at the smallest values of the diameter 
Reynolds number, there is some evidence of separation of the laminar boundary 
layer so that one would expect some deviations from the theoretical solution 
for plate flow in which separation effects were neglected. 

Nusselt Number 

The values of the local length Nusselt number based on the 2-DFM and 
on the 1-DFM are also shown in Figs. 2 to 7.   The main reason for including 
the Nusselt number is to compare the value of plotting the calculations in 
different ways.    All the conclusions reached so far with the aid of the curves 
of Stanton number are also evident from examination of curves for the Nusselt 
number, except that the levelling-ofi of the Stanton numbers in Figs. 2, 3, and 
4 is almost completely masked in the sharply rising values of the Nusselt 
number at the same length Reynolds number.    This masking is a result of using 
the tube length as a multiplicative factor in the Nusselt number. 

Transition 

The transition from a laminar to a turbulent boundary layer is clearly 
evident in Figs. 5, 6, and 7, occurring as a very sharp rise in value of the 
Stanton or Nusselt number.   On the basis of the 2-DFM, this sharp rise occurs 
at values of the length Reynolds number of 4,000,000, 4,500,000 and 4,500,000 
in Figs. 5, 6, and 7, respectively.   These values of the length Reynolds number 
at the start of transition are in good accord with values given in the literature 
for transition of a laminar boundary layer on a flat plate with zero pressure 
gradient. 

j 
; 

Results for Test Combination C - Effect of Shorter Test Section 
s 

The results of using the 2-DFM for calculation of one run with test com- 
bination  C  are shown in Fig. 8.    The value of the inlet diameter Reynolds 

i number is 127,000, which corresponds to the highest vaiue for test combination 
D shown in Fig. 7.   Hence the effect of a shorter length of test section may be 
obtained by comparison of these two figures.   Fig. 8 shows that the value of 
the Mach number, based on the 2-DFM, remains nearly constant.   The boundary 

! 
i 
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layer thickness ratio increases from 10 per cent at inlet to about 20 per cent 
at exit, thus duplicating the behaviour of the boundary-layer thickness ratio of 
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test combination  D in Fig. 7.   This ratio in Fig. 8 also agrees well with th..t 
computed by the Howarth formula. 

The values of the local Stanton and local Nusselt numbers based on the 
2-DFM, shown in Fig. 8, agree within a few per cent with the values based on 
the theoretical predictions for plate flow., in the region where a laminar 
boundary layer is present.    The value of the length Reynolds number at 
transition from a laminar to a turbulent boundary layer lies between 3,000,000 
and 4,000,000; this agrees well with the values observed for transition in the 
longer test section of test combination  D.   The main effect of the shorter 
length of test combination  C  is that the n&e in values of the Stanton or 
Nusselt numbers during transition is never as spectacular as that found in 
test combination D. 

PREDICTION   OF   DIABATIC   SUPERSONIC   FLOW   IN   A   TUBE 

The 2-DFM provides a means of predicting the flow behaviour for Hia- 
batic supersonic flow in the entrance region of a tube if a laminar boundary 
layer exists.   In essence, this method of prediction was confirmed when test 
combination  D  was designed to be 50 diameters long instead of 30 for the 
previous test combination  C.    The analysis for prediction for diabatic flow 
is obtained by rearrangement of the basic equations given above but will be j 
omitted here for lack of space.   The analysis based on the 2-DFM is also being 
used to design new test sections for adiabaiic and diabatic flow with an inlet 
Mach number near 5. 

CONCLUSIONS 

An approximate and simplified two-dimensional flow model for the en- 
trance flow region of a tube yields results which are in agreement with theo- 
retical predictions for tube flow and for plate flow with zero pressure gradient. 
This flow model yields a better understanding of the phenomena which occur 
in diabatic supersonic flow of air in a round tube than that obtained with the 
simple one-dimensional flow model and eliminates the inadequacies of the latter 
model. 

| 
! The Mach numbers based on the 2-DFM are significantly larger and much 

more nearly constant along the test section than those based on the 1-DFM. 

The thickness of the laminar boundary layer based on the 2-DFM in- 
creases slowly from tube inlet to exit but does not fill the tube cross section 
at exit.   These values of the thickness are in good agreement with those calcu- 
lated from Howarth' s results. 

I 
The values of the local Stanton number based on the 2-BFM agree best j 

with the theoretical predictions for tube flow and deviate most from those for I 
plate flow at the lowest value of the diameter Reynolds number, namely, 33,000. j 

•- 
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But the reverse is true at the highest value of the diameter Reynolds number, 
namely, 127,000 for test combination  C,  and 115,000 for test combination  D. 
The agreement between measu- ed tube values and predictions for plate flow 
for zero pressure gradient for : "tccc last two values of the diameter Reynolds 
number is within a few per cent.   The values of the local Nusselt number 
based on the 2-DFM behave similar to the Stanton numbers in comparisons 
with the theoretical predictions for tube flow and plate flow but are of less 
value in understanding and interpreting the phenomena. 

The effect of varying the length of test section from 30 to 50 diameters 
on the results baaed on the 2-DFM is negligible, except that the shorter length 
does not delineate transition as clearly. 

The transition from a laminar to a turbulent boundary layer for diabatic 
supersonic flow in a tube is clearly evident in the sudden and very sharp rise 
of the vn.H'P? of the local Stanton number.    The values of the length Reynolds 
number at the start of the transition are in excellent agreement with similar 
data for a laminar boundary layer on a flat, plate. 
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APPENDIX 

CALCULATED   RESULTS   BASED   ON   TWO-DIMENSIONAL   FLOW    MODEL 

T'"is appendix contains the results based on the 2-DFM for seven runs, 
of which six were made with test combination D and one with C. The summary 
of the lar^e amount of computation based on the 2-DFM is given in Table 1. 
The values givtn in Table 1 are based on calculations madt with fivt or six 
significant figures throughout. A sample calculation is given here, in part, 
co indicate the method, for Run No. B-l. The original data for Run No. B-l 
are taken from Table 5 of reference (1). 

The values are summarized as follows: 

G* =46.73 lbm/sec ft2 

s 
(Re*)       = 92,765 

D s 

c -- 0.967 
w 

w* = 0.01837 lbm/sec g 

w = 0.01777 lbm/o.c 

A - 0.1978 in." = 0.001373 ft" 

From Table 30 of the "Gas Tables" (7), corresponding to the value of 
(p/p   .) of 0.04601 for the fourth station, it is found that 

oi 

M = ?• 6 55 
c 

T   /T   .    = 0.4149 
c      oi 

T = (T   /T   .) T   . = 0.4149 (570.88) = 236.9° F abs 
c c      oi      oi 

For the core, 
p   . (p/p   .)        14.479 x 0.0460i x 144 

=    "RT    
01     = 53.342x236.9 = °-°07645 lbm/ft 

\ c 

Vc =M     y^kRT' = 2.655   J 32.174 x 1.400 x 53.342 x 236.9 = 2003 ft/sec 

G = p   V    = 0.007645 x 2003 = 15.31 lbm/(sec ft  ) 
C C       C 

I 
a 

For the boundary layer, 

VT = V   /2 = 1002 ft/sec 
b c 

.» 

:  *;• 

• 



; 

From Equations (1).. (2), (3), (7), (12), (13), (14), and (15) 

n=j-l 
q./2 +  V*     q    + wc    (T   . - V. I2gc   ) - (PVuc   A)/R 

-.1 *—-    Vi p      oi        b     *  p b  p 

c 9 
G  c    (T   .  - V, /2gc  )  - (pV.c  )/R 

c   p      oi        b p b  p 

n=j-i 

q./2 +   7"^    q    -q   /2 + q= 0.001482 + 0.011486 = 0.012968 Btu/sec 
3 ^1     «      4 3 

(T   . -V,~/2gc   ) = (570.88 -  1002 x 1002/2 x 32.174 x 778.3 x 0.239S) 
oi       b p 

= 487.4 °F abs 

wc    (T   . - V"i2gc   ) = 0.01777 x 0.2399 x 487.4 - 2.077 Btu/scc 
p Ol b p 

G  c    (T   .  - V:/2gc  ) = 15.31 x 0.2399 x 487.4 = 1791 Btu/sec ft 
c   p       oi b p 

pV, c   /R      = 14.479x 0.04601 x 144x 1002x0.2399/53.342 = 435.1 Btu/sec ft" 
b  p 

nV   c   A/R    = 435.1 x 0.001373 = 0.5976 Btu/scc 
b  p 

A       = 0,01j968, 2.077 -p:5976= 2 
c 1791   - 435.1 

A       = A - A    = 0.001373 - 0.001101  = 0.000272 ft" 

w       = G  A    = 15.31 x 0.001101  = 0.01687 lbm/sec 
c c    <; 

w,      = w - w    = 0.01777 - 0.01687  = 0.000902 lbm/sec 
b c 

5/a   = 1   - (1/a)  J A   /7  = 1  - (24/0.5018)   J 0.001101 Jv   = 0.1045 

From Equations (3) and (7) 

T,   = pV A   /Rw.   = 14.579x0.04601 x 144 x 1 002 x 0.000272/53.342 x 0.00090 
o b   b        o 

- 547.3 °F abs 
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p   . (p/p   .)      14.579 x 0.4601 x 144 

% -RT-~=        53.342x547.3 = °-°03308 lbm/ft' b 

G,     2 p, V,   = 0.0C3308 K 1C02 = 3.314 lbm/sec ft2 

b b   b 

The remaining quantities are calculated as follows: 

T      = (T      /T  .)T     =  0.940 x 570.88 = 536.6 °F abs 
aw aw     oi     oi 

h       5 q/A'   (t     - t     ) - 974.7/(672.2 - 536.6) = 7.19 Btu/hr °F ft2 

w       aw 

hD/A    - 7.19 x 0.5018/12 x 3600 x 0.1942 x 10'5 = 43.0 
c 

hL/X    5 (hD/A  ) (L/D) = 43.0 x 4.484 - 193 
c c 

h/c   G 5  7.19/0.230S x 15.31 x 3600 = 5.44 x 10"4 

P   c 

G  D (L/D)      15.31 x 0.5018 x 4.484 
Re =   — =   =463,000 

JC Mc 12 x 0.620 x 10 

The calculations are continued by repeating the above steps for Station 
numbers 5, 6, 7, etc. 



15 

rM£\llAJL\m, bA:*n- o£ TW.   uimMMWn, tUM RiLiCL 

Kwi *      i   .•» 

• wiiir ,-k,   i9k.'i 

t - M o *r 
Pr •  ib.u*' -,'-•• 

P„, •   19.*«4  pala 

t *  >ll3  »7  *F 
V .. :.-. •.•wyj iW 

\ . 0.9-0 

* -  0 • .93''l  ttmf 

S - 529 tw  "F •>-. 

H.579 pna 

I*.579 p.i» 

0.ci7f67 IBB/M 

5J0.6J *f ab> 

SMS  PC      B-U 

DKMNr  1?,   1952 

l*.*TQ pn« 

b.560 p«ift 

ioa.8* v 
0.LO5T8Sd 1W/M 

o 003*99* "»/•« 

3.03*3* n.Hj 0 jell. 2111-79      0 ;66 
.03*80 ?.;<* 1   :t 215.62 566 
-036-36 3.HI , V, 21^.69 ^  6 
(M-'-f r.77 ,9*, 222.0* 5S* 
0*017 3 7k i>9" 2V* L 390 
0*>OJ 2  Tl bO*i 227.5* •9' *..•* 2 70 ^» 
0*417 2  60 *1. 1 23'-. »3 60S 

,0*52* 3.67 *l7y ?32 *? 609 
o*1}5 2 Go •»;.' 232 HI *; • 

»*62* 2 05 MS! 233 87 613 
0*116 .' ••* *179 235 2^ 6t6 
0*155 2  63 *i« 235  V> 617 
1*601 1 66 bl*9 233 5* 012 

0.0*337 3.M •1 fcotio 232-91      0 610 

.0*337 • *9 koti 331'. 91 610 
,^s» .'    Tl. -,/.•- 232 oy 
,0*601 2 6ft bl*9 236.% fW 

i* 6-; 2 6? *2l6 2*0.67 tif. 

•U-v ?59 k7 ^ 7**. 32 bjii 
.05260 237 ^"•L*. 8*6.10 6*a 
.05*ij 2.55 *3* 2*a.2i -** 
.05 ,'22 2.51 b*l6 25209 6^6 
o>ii.*i 2 *7 *s<-: 256-95 6*. 
o6*.v< .! kf *5T7 261-30 67" 

.06659 .'  -2 *61] ?M ?5 

.06976 2 )9 *673 266.77 691 
06910 •   19 bAfr 266.05 6d9 

.00910 '  39 *66i 766.05 6t-9 

. .<*••-.. ? tea *609 2r->   10 s-.v; 

M09O 2.*5 *5J' 2V-99 »•;• 

.=6l8* 2 -(• .*S15 25' 7* 670 

O. 0*1.7* 2 67 O.iilS 231.55      " 607 
• 0555- 2 53 .*379 ri- - i* • •-; 

."•5321 2.56 *325 2*3.3^- '.' 
2.51 -*i. ?*.-,. *6 6* 

.07132 2.37 .•703 -••-   '. 6rt6 
orisja 2  ** .*95l ?-    ^ • : 

o90il 2.22 5o2 ?!.« 72 
.r^jf-T 1.20 50M 2-^.97 735 
.oyTki' 217 .51*0 259. u T%? 

.10366 7   11 5213 29*.37 7S* 
1  --  .! ;     -.   . s.y. • 296 ?"" T5': 

.10778 2.11 '•.N. 29'. r? 761 
. 1112a 2.09 . 5 l*< jWJ.t.0 -'•• 

-U2V6 2.0. }jjj jui  3- 7To 
,U263 2-Oi) 5359 J01 . hi ... 
.IIOD9 2.1C 

2.12 - 525' 
299-* T65 

io*3 17.12 
--.•*.' 17.27 
.-M i . 
Pir-. 1. .*: 
^•1 1     i 
r-t- 19 Ti 
20Ci ly ;• 

Vfe S 
ba 

..r 'r »b* ••t Ttr 

1022 -9*   .4. i • 71fl 
108J 506 ji 3-676 

1.31* 
1'  !2 Sia-37 ) 9 v 
low- 51* OB h ^". 
LOO* 31*.61 *  :-y.> 

19M2      20.9* 

2i 15 ;v  .7 lOOi 
2015 LA   « Ioo6 
3017 1* " L  1^9 • W9 5^1.98 
KX | '•>   11 .. -V- l.v,' 5*7-33 
1998 15-BS .*;> 996 5*6 L* 
19 1 16   ,0 22* yyv 5^.-3" 
1975 :•   62 L9* ^ 'fc6 6v 
19W 16.92 . 171 «* 5*7.»2 
195 : ' i> 132 /" 5**.11 
19*2 1B.2C 2-o -'1 539 •••* 
1909 .     * .2** 96* 53".vy 
". V.T :•> 1* 2*7 *•! •^0.32 
19U 19 ' 7 Z*9 V-< 5V< W 
:vik 19-56 .22-' ?J7 5**.90 
191* 19 ••' !>2* v ' 5^->-6/, 
L923 :9-i2 -••; r.; 559-3? :^(- is. 50 . .• J. *• •-« 15 
19*0 id.ja 2.631 9T- 689. 32 

199* ».7*3 " 
19*9 * *13 9:* 
195- 5.2T2 "7599 97S 51.'   00 
.•*r 5.5i2 .U.9 53- *5 
1.192 •   .•** •<!» «• •?.   * 

rt/     i7'A     7 y>*"' 

fllS u  u6j 
115 . 119a 
7*>. 1*1>. 

,09 .1.*' 
'*9 
m ; '>-w 
7U «ri s'. 
)••• ^3h« 
6«6 2*7< 
>•>% W01 
'..•1. . ?' ry 
66S 8669 
669 ?7?7 
f-M 8*68 

J.25>" : 710 O.0669 
J3» OJOt 
3.591 , 66* . 1029 
3 673 1 >+<•• 1*69 
)   .'*• 1 6)-i 1*-. 
.' -J' 1.616 160* 
*   .5 : 5* 1"*7 
*   Vjl l.)M ,?ry • 
k  y. 1  517 »s* 
*.65 l.'. • ; .27*0 
*.''-55 I.* '* 3O3U 
*.TT5 : * 'i .293 
-   M l 1.85 ^1.'- 

- ~+ l.>Vo .-•1: 

*.o 7 1    - .21^ 
3-TJ7 1 *. 'A 1906 

'r •*•   ST?U^ Kt 'T/l* 

677-15 
678 39 
67?.»6 
CT8.M 
678 57 
672. ••. 
or7.39 
6'3.*7 
678.*7 
672-*7 
678-*9 
6T?.\* 

672.*0 
fr7-c,Wi 

9 00 
6  52 
S.-O 
5.87 

r,.) V-6 ?.*> 
83-5 h06 8.28 
?• '- **6 8.17 
29-5 *7 8.IC 

6lc ; 26 
76 0 7U6 8 J9 
31 7 926 i ?'. 

2.3(i 672. V2 5036 
* 63 672.17 9TS 7 -IV *3 .. IV1 J.** 
'. -J? 672.1.2 795 •,.-'. >•• j 'i; 
9 09 672.51 

:;'-• 5 *1 31.* 2-^. 3 93 
Li i 678 5T '•V h.69 37    • 2  3 3.27 
13 6 672. *3 V- L. 13 81.6 ?5* ?.:-3 
l>   1 672. ^ •»tj 1.68 80.7 300 8  b* 
iy 9 ('.77.6? *T- J *5 \; - i;; 2.8C 
rt.j 677.37 »ji. 8-95 lC.o u« i.3i 
TV    • 67?.*? J.-J6 > <?> lS.1 *i. 1.11 
JS.o 6Tc*l 177 2 7- •».? kj; I.63 
3^.0 672-Jl IV* 2.7*3 1-   7 -y.- ..tl 

tnvi j77 I  (- 
•'   5 672-68 695 >-li i?.b Q*l ;. 10 
522 672.07 17 r 1). i -, 722 ;3'1 • ':i '   - - 671.69 7151 

-lopoy     2.1* 

51.1 0. i.r;3 0.^95- «- */?*;; 0-173 C.rt31 C70.79 33J2 
53- *5 : 272 fc«79 •'/.509 iv.- 1.60 671 -1» 335 *   J5 L3-*3 
•?.   * 3d) **** . loSi .2-7 2-* • 67O.96 2.16 U. &- 
519.37 1  -^69 .-*^/7 . 1*9! VM J  ** 6;i.;7 ._. .  M ? 92 
5?-^  1* 1-955 . *- .103* -.•<. -  3? 671.69 267 1.   1 9 23 
581   12 2 on 1763 3-9 5-21 2*1 1.69 i:.*? 
581 93 2.^:1 • 3ft: . i.Hh- 6.12 671-*7 >.. 1.66 
529.9* .:•*, u* -20J1 u.. V 5? 671.67 239 ..67 -.09 
535.63 2.22? >n .21.^ -39 9-i: 671.35 •*•» 1.75 '.*1 

2 23> •37* .2123 11.1 fr..-~ • 2*5 1.72 .8* 
5Jo.-^ 2.791 . 12::2 .22i7 • *57 13- 671.36 338 1-63 7.73 
533.1* ;  • • i-x» 77J7 M*. U.d 671.77 2*7 1   IS a. 19 
536. n 7.79C . 3275 • 25?2* .*;« H.  5 •>U  ^> 237 1.6ft 7-u5 
"1..?. C.&JC - J j <"i ,£l2 .**' ltj.a 671. *C M- 1 6* 1- c 
M-O.lo 1  17ft 353" .196T •27 671. *a 253 1.T7 r.5t 
55* • rfl 7.01 • .3o70 .: ?* -. .*". 50   f. 671.5* -Ji'- 

h.S* 
) y 

? 95 
?66 

2JJ .... 
2.36 
a. 36 
.-.-..•. 

• 

W 

I 
r 
;  '• 

1 

» 76-n  *f 

- 1*. ru ft . 
. 6 529 pi-i 

. 10*.06 mr 

. o.ooo«?oO •'--/ 

- 0 955 

. O.U07906* iW 
- 3^3.9* *F *b« 

mas «o   B u 

pr . i*.85fl ?. • 

Pol - 9-dll p«.« 

t . • 105.80 *r 

v- -  ..u!2*?3  ID 

. o.oi 15V- lt»/*4 

. 531-56 *r «b. 

Si.o io    It 15 

[MMbu 23,  19S2 

tr   - 71-5 *r 

p       -  1*  :i2 pala 

p      •  l2-}68 pl.t 

tQ1 - 106.77 'r 

. 0.01x^6 lto/M 

. 53ik7 'F *b« 

03309 2 56 o.k;;2 2*3  o1      0 6)0 

0552* .•>     -.V <t»(v 851   »3 655 
.06:3^ 2*3 .*io6 ?j "-.5; 

-7i32 .•   )7 — '   •, > ^   '.? 6--? 
.07606 2-33 -V'>" 270. ••« 69 
079*7 S-3« *8*9 273-35 706 

.o-2>>9 2.7" *9oe 276-56 713 
7.7S . k 977 2 K.37 723 

:>rt:13 ».8* --« 2M.fr} .V 
093*6 i' ^ ,s..-^ 2cft *2 736 

.09*7' <r.iy .':-! 3-7  55 jV 
2.11 5i>i 290-39 :*• 

O9067 7.17 5:^. 2yj   v r«e 
09i*l 7   19 . jc«5 2o7  r4 T3= 
-ti^ S " 2 0 • 3 73 •" 

,00>6l 2 ;*o 5> 3 2r<*.^> •'j6 

0*931 :. c. 1 J.*7iZ 2«5-.32      0 C.-*: 

2   h* *171 235-65 6ia 
.0* ** 2.62 *2ii zr-. 11 •••'i 
09>*7 8  57 .*JoB 2*3.^ 0><- 

—>>o., 
. :5'V^ ?.5« .k*52 251-75 
O63JI 2.*3 •*5A5 tito 

.i*>53 8*3 »^yo 259 5 •571. 

-o/2^ :•. w . «/,3 263.70 66* 
.07297 2  3'- - .'33 26"'. 6 r •-9J 
.0760* 3. 13 * O* 271.66 -•-•2 

^-*35 2:9 !*<tfj .?76.12 71.' 

2.7/ .•930 Jin 
.vW a at *939 27930 7rO 

.oJ3>9 .• r: ~.VL ;"V. 71-' 
,'j>V>«- a ."9 .*8?5 275-67 !ii 

.07P^J.l 2.31 .  jy 273.63 707 

-^51V 2.67 0*127 •'•33 "'t,      0 1- 

.0*5*0 ? 66 ,*13J ^3«  O 1J 

.u*» ) 8.60 irt^ 2*0.72 iCV 

.0526. 2.57 *3JJ 8U.3C '.3" 

.0551* ;• •>* ...,•!. .^*7.i5 -*', 

.L^oiO j,-,. **37 211.32 65* 

.«6069 2.*fl .**«! 25.''. r '.•V 
•rfjw. 2.*5 *53ft 256 y; '>.•> 

.065*5 >«. iq 259-93 675 

.-m>2i 2   »' *Ott7 265.20 Brt7 

-073^1 2   16 • *739 26*). *6 •*5 
0751O 8-3»- . *77Y 270  3* »W 

-U75'b -; t: .*786 ttl-ia 7u: 
.^606 a 3; *ft3t 272-?6 ^i 

.1.7W-5 8-3* * rfia 27tJ.W.' r-f: 

.07*W* 7    •• .V69* 265.*r r^yy 

«W06 A   k.. kokj 2W8.«7 t>,. 

97i' 
10.07 
iu-15 
10.50 
;.:•• 

l     v 

199 tO *7 
19--3 10 69 
1966 U.22 

19*1 L2-« J 
?85 12 56 

1917 I.--'!! 
ly^* 13-2* 
1 o;- 13 66 

115* 1* 89 
1 457 I*.  : 
1866 i*.,.. 
1 73 .• 86 

191    iy<>    1? .as 

j«*t 
19 it 
.y?;- 
1919 
1902 
l.*92 

iaa* 
L880 
lBBl 
1900 

-.3..'? 
1* . 1* 
iv st 
15-03 
15.*a 
15.75 
10-1) 

!7-?* 
17-*? 
L7.59 
17.7* 
17.*S 
it. <?>• 

527-05 
^26.3<: 
586.69 
53-j. >3 
527-00 

511.33 
•>i* u 
535-70 
533 57 
5**-60 
sx-,6-- 

i    9" 6937 09<9 2o 2-30 671- '5 
r . : •/   pq 1 •?• .<.' j  b. tri-90 
2.:S9 •y.i .1* -. - *' i> '•-2 672.05 
2. 3^2 .6216 . 169-' 303 5- » 672.33 
2.*ol .6076 -:a3- 320 •-• 5 ;7? 75 
?.5o9 593: 19' .;.'.'- .29 672.15 
7.-79 -5759 .31*3 • }''- :. 1 672. ;*7 
C.695 S??1 ..•: :' J59 L2.5 6/2. i 3 
2..-30 550* 8*03 .3-12 t>.i o72.io 
2-.* .5--.. .'*»- • 3"7 17-1 of"*- ri 
-•  ?2* 5337 2569 .*cc 20.2 671. V' 
2923 5332 • 2575 ». ; »   7 072.2* 

?     * . 15*5 .2362 3   2 2*. 7 672.06 
••   •...• .55A- ?U9 -371 :M 072-1* 

.'   foo • 5ot3 .221.3 375 -'    7 •-7? • 13 

3**      2.*2      127 
2-09 I.'   9 I'* 8 53 
2-.V U   ! 1--J 2  - . 
1-95 9- -7 •.7^ 2.8* 
]   ^* 9-   1 210 2.31 
2.10 1C  ^ 7t- 2. }'. 

:. 2 T-.'l .'   ?•• 
2-3 >J; ? ia 
2.03 9.9! I'! a. r: 
1.9f 9-3 *o6 a.n 
2.22 U-". -99 2.U 

*?•••- 5U.»2 .•.*•• 1-L11 O.06J0*. O.ljv 1.7 671-17 *353 
983. 53*. 96 B.JSA 1 - -V.' • 1023 156 i-3i 672.*1 781 5-55 32-3 
TV — *3v?j 7  E-il I  072 171* ,l;>: k      (7 672.59 l ••'•• *.:.. 23.5 
971- 33*.20 . )- l.i/Sj ..... £72.33 3 5* 20 : 
At 531  17 <   039 1  -J2*> .1(95 .229 .'.21 672.7"; us !•» 17.* 
959 531. W M3'- 1.011 1  31 ,:--.' 9-91 &T2.N) 37* 8.63 1*.-. 
V.2. 589-35 3-296 C.9866 .2070 .2*3 11   7 6J3.59 3W 2.00 lb.0 

9*6. 529.75 j.*50 96 )* T3o* .23 I*.* ^7? V; 3>* 1 •>: 13 3 
yj>- 53o <A 3 60* • 939* . ••'•** .303 18.0 VP.5? jy- 8.39 12.5 
9i"- 53i 73 3   "33 y:-«.- 275 J 3!? 31 6 1.77.6* :'-5 8.59 13. * 

5J».»- 513" . r; 'or ."•: ?!   ! '•"  'O ."• )    -3C li.r5 

y. • 533.^. 1     w '•7H ..•s* . 13* Ai..- 671-Ob 12 8.3* U-9 
927 536-23 3-^3 •  957 .29,; 3< 32-3 677. T3 3^2 8.28 Li   t 
92 5*8. l«i i   *>5 890* 33i 357 672 03 3 3" 8 k^ 12.3 
91J- 5*9. o- j -J.. .9266 .7673 U 2   .6 OT^-5D *os 2-87 1*.8 
y36. 56>.3i 3 • ,9*58 2* 10 306 l-O.I 672.93 8617 

96*.    53b-55 
959      535.^2 

.227 9*3- 536.53 

.22* 9*2 53V-2« 

.217 9*0. 5*1 *5 

.25-'! 9*3- 5*7.31 

8 931 
3-070 
(.205 
>.j*a 
3 523 
1 tft3 
S.783 
I.916 
1.176 

1  »'^9 
1-399 
1.3 0 
1    (Di 
1.337 
1.318 
1. JOl 
1.281 
1   3*3 
]   »19 

O.C7:"i9 
.10t<6 
. L2T* 
.1*09 
. 170* 

..•Km 

.726.- 

.86*7 

.2 ? 
,}010 
. 30*8 
.31.19 
^909 

.2518 
-2191 

),103 2.09 
.138 *.09 
-157 6.01 
175 7 99 

.195 io.o 

.211 12.1 
225 I*. ? 

.2*0 17.* 

.266 21.y 

.202 26.* 

.291 3o.7 

.29* 35-0 
-299 39-* 
.2vtt *i.2 
.26* ko.j 
,2k6 *a.7 

671.*3 
6r(2.o0 
612.0^ 
673.15 
672.31 
1172.21 
672.11 
672.39 
672.12 
672.19 
6--1 69 
672.3S 
C7: .28 
67 (.28 
i't.OI 
6 r * . '"< 

o.5k 
*-79 
b.sa 
1-15 
3-Jl 
3.16 
2-91 
2.7-y 
-' 92 
2.6a 
2.0* 
255 
3.0* 

a*, a 
21..' 
K> • 5 
17-5 
159 
lb.9 
15.5 
Lfc.l 
13-- 
13 3 
16.0 
y.-.i 

253 
2-.-? 
32"-- 

2. yt. 
2.39 
8.41 
2,12 
1 96 
2 08 

: 

fun 3o.   A 16 

l*c»-w.r  ?*,   195-? 

tf     .  "6.0  *r 

p_    - l*.66o pmlm 

Po% . 16.277 p.lm 

t       -   Joy.OO   *F 

v*    - 0.02O55J   lb«/. 

c       - 0.96a 

*      . 0.01909*   UM/M 

T... '  ^3*-57 *F »b» 

0*506 8.67 ^i^ 83*55 
^•ro ;• 'A .*)>32 2'1 "'. 
.AV? 8.61 ,*?3' 8*0.96 
05175 2 56 *29: 2*4.02 
05 3^9 7-5. *3*i 2*6.86 
05589 8.53 *3 <• 2*9 - 
oiTTy 2  M ,**2'- 251.-'2 
060*6 **>..-. 255.w 
Lf>«67 2.*3 -*55j 856.90 
06o*j a.ha fc/»IC. 2t?.w< 
Ofi&J1! 2.-0 .*«*<.' 
067! * 2.M .k6?k 762.97 
06609 ? *o *6*: 263 93 
06*39 2 ** -*5<-- 259-7J 
:*: 13. 2-1.7 .•503 256.11 
0591a b3 .**58 253- 5* 

:^-" 16.91 
199* 17   !. > 

198* 17-92 
1975 i8.*i :•**• Id. * 
iuS'l 19 28 

1929      2^>."5 

lyi* 21.68 
1916 21.33 
19:1 21.69 
1987 20.99 
:91-i To. ( 
19*t iv V. 

513. 77 3-.*.l 1 891 0,09^57 O.oVT? 2-72 ?a.39 -93'' 
5*1.31 1 '"••} 1 .76 .115* .11* 5 .'5 211.96 Kv: 7.93 *7-3 212 5-27 

-    5*2.71 t 97" .' <M 13*5 137 V      i 212.0; 805 5.87 J».S 2i.*t 1- 79 
-    5*1.80 * 1*5 1    H .1565 1*8 10.2 712.7-. 71V 5.20 30.2 .-5' 3-27 
.     5*0. .16 ». )C* 1   112 1777 .16* 1 • R 712-12 <A* b.68 «   9 2.^2 7.:« 

5*0 0? * b53 1.T9? i-: .171 15.* 212.22 »o k.OO Ji  1 »;;^' 2.' 1 

'    t3t f6 *.593 1  772 .2170 .lyo 18 l 212.13 531 |.B7 71 8 315 8.28 
b i\fi 1   f*S BUP 207 82.2 21?.3* *'5 3*6 19.2 136 L.9i 

•    537 8* '. 018 L 712 ,»r*° • 2?7 27.8 212.12 b*2 3.22 17. • 378 1.79 
.     538.lb 5.20) 1 otts 30* 1 .<A* )3 « 712.21 b60 3-35 :.   : *62 1.82 
-    539.91 5 290 i  Ofo 319-/ 251 39- 0 7J1, y<r • 10 J.05 lo.k •;,i t.( ) 
-      5*5-02 v.* L.68B j ;7(- ;-•- —.: £IT. 7- ! ".' • A  7 *••. 1   66 

5b7.3o 5 221 1 675 31*^ 35o by.t. 21i- 77 b90 357 19.a 716 1 yo 
.    5vJ.26 b. 25 1   773 L"«^ 53  • 312  1M L225 • 9? w.a BOlB ^-92 
.    60*.6* •   ilO .:''.:*. .L>* 58.0 J11.5* 79.: 1 21.* ay S373 12.11 

6T0 31 1.771 ., lib 1/51 .186 l,i 211-lu u, : 
5X.3.    Svi.56 

- 

- • 



ENTRANCE 

NOZZLE 
THROAT 

VELOCITY 
Dl STRiBUTION 

1 vc    ^~" 
-HVh^-^- 

^ 

V. = -k V. 
D     £.    C 

TEMPERATURE 
Dl STRIBUTION 

T w -1 Tc   k 

ACTUAL APPROXIMATE 

SIMPLIFIED     TWO-DIMENSIONAL   FLOW   MODEL 



17 

cr 
X Ixl 

"'10.061 |    I   |   i  | 

2i HT]r 
-j>~. 

.STATION    I 
Iff] 

iv-tr\UTwiwi«TiTrn> 

in 
UJ O 

I 0 

i  * 
I 
i 

•h 

i i I !•      j  1 -I- t-H t 
S/o = l0.4(L/D)(i +0.0795 M*)/(Retc )'? 

0.4   0.6 0.8 3    4    5 G    8   !0 20    30 40 
LFNGTH   REYNOLDS   NUMBER, ReL x I0"5 

FIGURE    -<L 

i 



18 

X LU 
UCD   s 

< 2  --- 
2 3 

2 

1 

|  | j ! 1               |        1     j    I   I  1 1 I 1               1        | 
11 »— i^+^>uniL.-    1 J 

1 1 ' jt-^-01   J         PI'1         !     I 1     .    1    1   i                         i  0-<~vi,~,  _ 1                    ill 

ilii!             !   ! 1 IliM        I    i 
en 
CO 
LU O 
^ ,~~    ° 

I* 

! 0 1 i 1 i i i 
1  1 i i   1 

05 

1 ; 

1  i . . i 1 
•     1           ; 
1    1   1  , 1 ! 

0 
!    l!  1 j | 
i i \\ 1! 

I i   :   i ;/2 

S/o = I04(L/D)(i t 0 079SMf)/(Re, r)-i 

^2=±^r2r5U^ 

LU 

> 

CO 
u> 
r> 

13 

J 
el 
O 
o 

or 
m 

o 

.. i 
<t o 
o 

500 

300 

200 

o 

O 

100 
90 
80 

70 

60 

10 
9 
8 

7 

6 

5 

2.1 

liJii! 
RUN  B-13 

• LOW MODEL       SYMBOL 

. I   I  i i ! i 

:W0- DIMENSIONAL 
ONE-DIMENSIONAL 

PI ATP   I l (1W   U^ 2 9, 

. . r / 

f 

f y 
^ /X 

BE   E| ow, M0 = 28 

/T0 =30 

Si ANT  IL   AND X 

_j=0l XI0b 

;c00= io xio5 

:      I      I    I    1 
!• I   I : !- 

'     Mil: 

ATE   PLOW. Ma," 2 B. T„/l 

•N. \      h/CpGo, -0i6S/!ReLCni''
? 

\ V 

TUBE   FLOW. M 

jTw/T0 = 30 

I CONSTANT /i 

fRe- =0 1X10 

AND 

I Re oc" .0 X 10^ 

i I I! I 
I     I    !   I   i 

0.4  0.6 0.8 I 2       3    4   5 6    8   10 20    30 40 
LENGTH REYNOLDS NUMBER, ReL x I0"5 

FIGURE   3 



19 

x UJ 
O CQ 

:> "; 

Jar y°~\— ^>-W-^U> 0,.l4p.^.l_ 

?.\ V 
STATION   3 

^4 

i 

~M-o •4« 
' ! 

WKJOC 

<iKixDafli> 

CXMf'l 

"1   -r-TTTTT 

Ml 
!   I 

!   I 

<s> 
UJ o 

; - 

UJ 

7" 

on 
m 
13 

o 
c 

i 0! 

05 

n 

700 

COOr  ' wi'-LVMtNbiuMfli 
! ONE-DlMENSlON/M 

500 

400 

300 

200 

or; 

O 
l- 

< 

< 
o 

o 

o 

8| 
7 

6 

,.._, tH 
r 

i    I   l   I I I l 
I   :  fill! I 
I    !   i  : ! I j i 
l-4-U.fi | 
i    i   i i i i i i 

I    I    I   I'l i ! 
f   | -1—r~*—* " '      •    ' -' • 

\   iv     j i    !   P'-ATF   CLOW, Ma,-2.8. T,,/^. 3 0    I 

\ \"w\ ! \i-y,<f*'°-**M*»uj'* —\ |-t-{-f 

1 

2       3    4   5 6 7810 20    30 40   60  80100 
LtNGrH REYNOLDS NUMBER, Re x I0"5 

FIGURE   -1 

. 



20 

tr 
r LIJ 
O CD 

i   I   i I I I 
I    I   I  I I I I 

1/1 i 0 
in 
LU O 

* t; 0C 
(i < . o 
X 
h- 

0 

en 

o o 

IT 
LU 
m 

o 
z. 
<r 
i— 
I/1 

_i < 
O 
o 

o 

2       ?    4   5 6    e  10 20    30 40    60 80 100 

LENGTH   RFYNOI DS NUMBFR, ReL  x i0"5 

FIGURE   5 
I 

k-»A- 



21 

i 

2       3   4       6    8 10 20    30 40    6C 80100 

LENGIH REYNOLDS NUMBER,ReL  xlO"5 

2 . - 



2 2 

CC 
X UJ 

< 2 
5 r> 

en 
ui o 

CD 
5 

1/? 

ri 

!- 
00 

o 
o 

3 

2 

l 

I 
0.5 

0 

0-~ —G --foU 
1 1 
1 I 

! i 

T" 

li I       I     I   I      I i 
•-H+-H- 14 

' H -t-   -!—I -1 I        I -   |- -.--M l-i-f-- 
! I       I     ill!!! 

X/n • R"l(i /D)(l  +007q"iMi)/lReL,)"
2  I | 

—t-—1"\  I  I i | I j: ' 

!     I   lHn~Frr+      —I—i—H i I H 

2000 

I 500 

1000 
900 
800 

700 

•<   600 

c    500 

400 

300 

20i" 

i'LATE  I-L0W, M,,,- 28. T./Tj,, • 30 jS    J 

(hu/x00).o.ar^(ReL(r)"l_pm^       y^    ^2j 

2       3   4      G    8   10 20    30 40   60 30 !0O 
LENGTH REYNOLDS NUMBER, ReL x I0"5 

' 



2S 

O-^L 

cc 
I LU 

: 
; 

! 

i 9 

in 
UJQ 

UJ 

< 
o 
o 

i.O 

0.5 

1 1 1          I i 
1    I   i  1 1 

S/a > I0 4(L/D)( 
!                 ! 

: + 0.0795M|)/(Re, c)"' 
! 
j 

i 

N i 
1 
I UM^W^ _ 

i 

0 -p-4 Ut 
! 1 !       ! 

:000 
900 

IT 800 
no 
:> 700 
n 
^ 600 
H- 
_J 
UJ 500 
C/) 
y> ^< _) v 

400 

300r 

200 — 

cr 
UJ 
QQ 
^ 
ID 

*r 
^ U 
o — 
1— 

o 
i- o 
ui \ 

c 
.j — 
< 
O 
o 

150 

2       3   4  5 6   8 10 20    30 40    60 80 100 
LENGTH REYNOLDS NUMBER, ReL x \C'5 

IGURE   6 

- Tk -^ 



REVISED BISTR1BUTI0N LIST FOR UNCLASSIFIED 
TECHNICAL PEPGETS ISSUED UNDER 

CONTRACT N5'ori-C7805    PROJECT NR 06l-028 

Chief of Naval R«a«»urch 
Department of the Navy 
Washington 25, D. C, 
Attttl    Code U38 

Commanding Officer 
Office of Naval Research 
Branch Office 
150 Causeway Street 
Boston 10, Massachusetts 

Commanding Officer 
Office of Naval Research 
Branch Office 
31*6 Broadway 
New York 13, New York 

(2) 

(2) 

Commanding Officer 
Office of Naval Research 
Branch Office 
Tenth Floor 
The John Crerar Library Bldg, 
86 East Randolph Street 
Chicago 1, Illinois       (l) 

Commanding Officer 
Office of Naval Research 
Branch Office 
1000 Geary Street 
San Francisco 1, California (l) 

Commanding Officer 
Office of Naval Research 
Branch Office 
1030 E. Green Street 
Pasadena 1, California (1) 

Commanding Officer 
Office of Naval Research 
Navy #100, FPO 
New York, New York ( £) 

Chiefs Bureau of Aeron-iut.i eg 
Department of the Navy 
Washington 25, D- Cs 
Attn:    Research Division (l) 

Chief, Burer.u of Ordnance 
Department of the Navy 
Washington 25, B. C, 
Attn;    Cede Re?a 

Commanding Officer 
Naval Ordnance Laboratory 
White Oak,   Silver Spring, Md, 
Attn:    Dr. R. K. Lobb (1) 

Chief, Bureau of Ships 
Department of the Navy 
Washington 25, D. C. 
Attn:    Research Divir&on (l) 

Commanding Officer and Director 
David Taylor- Model Basin 
Washington 7, D. C. 
Attm    Aeromechanics Di rision       (1) 

Hydrodynamics Division        (l) 

Directorate of Intelligence 
Headquarters, U.S. Air Force 
National Defense Building 
Washington 25* D. C. 
Attn: Doc. and Dissem. br.(AFOIR-DD)  (1) 

Armed Services Technical 
Information Agency 
Document Service Center 
Knott Building 
Dayton 2, Ohio (5) 

Commanding General, Hdqy, 
Air Research and Development Cojnmand 
Office of Scientific Research 
P. 0. Box 1395 
Baltimore,  18, Maryland 
Attnf    Fluid Mechanics Div, (l) 

Director, Research and Development 
Department of the A.-my 
National Defense Building 
Washington 25, D„ C = (l) 

Commanding General 
Office of Ordnance Research 
Department of the Array 
Washington 25, D. C. (l) 

Ballistic Research Laboratories 
Department of the Army 
Aberdeen Proving Ground, Maryland 
Attn?. Hr«. J« Sternberg       (l) 

(1) 



Page 

1 

Director of Research 
National Advisory Committee 
for leronautice 
1721; F Street, Northwest 
Washington 25, D. C# (1) 

Director 
National Advisory Committee 
for Aeronaut!ce 
Langley Aeronautical Laboratory 
Langley Field, Virginia      (l) 

Dii*ector 
National Advisory Committee 
for- Aeronautics 
Langley Aeronautical Laborat 
Langley Field, Virginia 
Attnt Dr. A. Busemann (1) 

Director 
National Advisory Committee 
for Aeronautics 
Ames Aeronautical Laboratory 
Moffett Field, California 

Director 
National Advisory CcajaLtt.ee 
for Aeronautics 
Ames Aeronautical Laboratory 
Moffett Field, California 
Attn: Dr. D. R. Chapman 

(1) 

University of Michigan 
Department of Aeronautical fingineeriug 
East Engineering Building 
Ann Arbor, Michigan 
Attns    Dr, Arnold Kuathe (l) 

Prof. S. W. Conlon (1) 

California Institute of Technology 
Gugtjenheia Aeronautical Laboratory 
Pasadena U, California 
Attn:    iir. Hans W, Liapmann 

Prof. Lester Lees 
Dr. P, A. Lagerstrom 

Director 
National Bureau of Standards 
Department of Commerce 
Washington 25, D. C. 
Attn:    Dr. G. B. Schubauer 

(1) 
(1) 
CD 

(i) 

Polytechnic institute of Brooklyn 
Department of Aeronautical Engineering 
and Applied Mechanics 
99 Livingston Street 
Brooklyn 2, New Tork 
Attn:    Dr. A. Ferri (l) 

(1.) 

Brown University 
Division of Engineering 
Frovidence 12, Rhode Island 
Attnt     Dr. ?« F. Maeder (1) 

i   : 

! I    * I     ! 

! * 

Director 
National Advisory Committee 
for /-ronautics 
Lewis Flight Propulsion Laboratory 
21000 Erookpark Road 
Cleveland II, Ohio (1) 

National Advisory Corimittee 
for Aeronautics 
Lewis Flight Propulsion Laboratory 
21000 Brookpark Road 
Cleveland 11, Ohio 
Attn*    Dr. J, C. Eward (l) 

California Institute of Technology- 
Jet. Propulsion Laboratory 
Pasadena ht California 
Attn:    Mr. F. E. Goddard (l) 

University of California 
Engineering Research Projects 
Berkeley U, California 
At,t.n:    Dr. S. A,  Schaaf (1) 

University of' California 
Department of Engineering 
Los Angeles 2U, California 
Attn: Dean L.M.K. Boelter        (1) 

! I 
11 

i 
! 

The Johns Hopkins University Cornell Aeronautical Laboratory 
Department of Aeronautical Engineering kii55 Genessee Street 
Baltimore IB, Maryland Buffalo 21, New York 
Attn:    Dr. F.  H. Clauser (l) Attn:    Mr. A. H. Flax 

The Johns Hopkins University 
Aoplied Physics Laboratory 

(1) 

Cornell University 
Graduate School o,r Aeronautical 
Engineering 
Ithaca, New York 
Attn: Dr. W. R. Sears 

(1) 

(1) 

L. 

« 



\ 

Page 3 

University of Delaware 
Department of GuSKjiCal ^»n^j.i«^ 
Newark, Delaware 
Attns    Dr. Kvirt Wohl 

%•>*»<-»•••< » fur 

(1) 

Harvard University 
Department of Applied Physi 
and Engineering Science 
Cambridge 38, Massachusetts 
Attn« Prof^ H. Vf. Emmons 

c» 

(1) 

Massachusetts Institute of Technology 
Guided Missiles Committee 
Cambridge 39, Massachusetts 
Attnt Supervisor, Tech. Reportb   \X) 

Massachusetts Institute of Technology 
Department of Aeronautical Engineering 
Cambridge 39, Massachusetts 
Attn: Dr. M. Finston (1) 

Massachusetts Institute of Technology 
Department of Mechanical Engineering 
Cambridge 39.» Massachusetts 
Attn! Prof- J, H. Keenan (l) 

Prof. A. H. Shapiro        (l) 

Princeton University 
Department of Aeronautical Engineering 
Princeton, N«w Jersey 
Attn: Prof. S, M. Bogdonoff      (l) 

Purdue University 
School of Mechanical Engineering 
Lafayette, Indiana 
Att.n: Dr. M. J. Zucrow (1) 

UniTiraLty of Texas 
Defense Research Laboratory 
300 East 2uth Str&et 
Austin, Texas. 
Attnt Dr. M. J. Thompson       (l) 

Rensselaer Polytechnic Institute 
Department of Aeronautical Engineering 
Troy, New York 
Attn: Dr. R. P. Harrington      (l) 

University at Maryland 
Institute for Fluid Dynamics 
and Applied Mathematics 
College Pai-K, Maryland 
Attn:    Dr. S. I. Pai (l) 

Case Institute of Technology 
Department of Mechanical Engineering 
Cleveland, Ohio 
Attn:    Prof. G. Kuarti (l) 

Stanford University 
Department of Mechanical Engin 
Stanfo rd, Calif ornis 
Attn:    Prof. A. L, London 

;nng 



c*** 

firmed Services Technical Information Agency 
Because of our limited supply, you are requested to return this copy WTJEN IT HAS SERVED 
YOUR PURPOSE so that it may be mads available to other requesters.   Your cooperation 
will be appreciated. 

NOTICE:   WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA 
ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED 
GOVERNMENT PROCUREMENT OPERATION, THE U. 3. GOVERNMENT THEREBY INCURS 
NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER: AND THE FACT THAT THE 
GOVERNMENT MAY HAVE FORMULATED, FURNISHED. OR IN ANY WAY SUPPLIED THE 
SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY 
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER 
PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE, 
USE OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO. 

Reproduced    by 

DOCUMENT SERVICE CENTER 
KNOT! BUILDING, DAYTON, 2, OHIO 


	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033

